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Aligned carbon nanotubes CNTs can be readily synthesized on quartz or silicon-oxide-coated Si
substrates using a chemical vapor deposition method, but it is difficult to grow them on pure Si
substrates without predeposition of metal catalysts. We report that aligned CNTs were grown by
pyrolysis of iron phthalocyanine at 1000 °C on the templates created on Si substrates with simple
mechanical scratching. Scanning electron microscopy and x-ray energy spectroscopy analysis
revealed that the trenches and patterns created on the surface of Si substrates were preferred
nucleation sites for nanotube growth due to a high surface energy, metastable surface structure, and
possible capillarity effect. A two-step pyrolysis process maintained Fe as an active catalyst. © 2005
American Institute of Physics. DOI: 10.1063/1.1995961
A large quantity growth of carbon nanotubes CNTs on
predesigned patterns and at desired locations on different
substrates is an important approach for integrating CNTs into
nanoscale devices and sensors in large scale. Aligned and
patterned CNTs on silica SiO2 substrates have been synthe-
sized using various chemical vapor deposition CVD
methods.1–4 Brilliant three-dimensional architectures of orga-
nized CNTs have been created on SiO2 substrates using a
CVD process with the precursor of a mixture of ferrocene
and xylene,5–9 however, it is difficult to grow patterned CNTs
on pure Si substrates using the same method without a pre-
deposition of metal catalysts.8,9 It has been found that CNTs
grow selectively on SiO2 substrates but not on Si substrates,
because patterned growth of CNTs on substrates is strongly
influenced by the surface states of substrates such as differ-
ent materials, roughness, crystallinity, and porosity.10 The se-
lective growth of CNTs on SiO2 rather than Si was inter-
preted by the different reactivities between catalyst Fe and
the substrates. In the case of SiO2, Fe particles do not react
with SiO2 and thus the catalytic -Fe structure remains ac-
tive; in the case of Si, Fe particles react with Si during the
CVD process at a temperature above 1000 °C with the for-
mation of noncatalytic Fe-Si alloys.9,10 We report in this
work that aligned and patterned CNTs can be formed on pure
Si wafer on the specific areas scratched with a diamond pen,
and a two-step pyrolysis process can effectively prevent the
reaction between Si and Fe.
We used iron phthalocyanine FePc as the precursor
material because it contains both the carbon source and the
metal catalyst required for carbon nanotube growth. Further-
more, aligned CNTs have been successfully synthesized us-
ing the same precursor material on quartz substrates
previously.4,11 To enhance nanotube growth process, a high-
energy ball milling treatment was used before the annealing
process. Ball milling of FePc at room temperature has been
found to be able to increase significantly nanotube formation
yield. In addition, high-energy mechanical grinding reduces
the vaporization temperature from 400 to 200 °C by creating
an activated structure in FePc.11 The lower vaporization tem-
perature helps vapor deposition and CNT growth, which will
be discussed in details later. Two grams of FePc powders
were milled in a vertical planetary ball mill with a steel ves-
sel and several steel balls for 100 h in Ar gas at a pressure of
300 kPa. The Ar gas prevents oxidation during the milling
process. The milling time can be reduced using a higher
milling intensity. The milled samples were then heated in a
quartz tube furnace for pyrolizing and CNT growth under an
Ar-5%H2 gas flow 50 cm3/min. A piece of Si wafer was
used as substrate. Templates of different patterns were cre-
ated by scratching the wafer surface with a diamond pen.
The patterned Si substrate was then placed inside a quartz
furnace tube next to a combustion boat containing the milled
FePc sample. The distance between the substrate and the
boat is in the range of 5–15 cm depending on Ar gas flow
that serves as material carrier. The heating process was pro-
grammed to two heating stages: the temperature was first
increased from ambient temperature to 500 °C at a rate of
20 °C/min and held for 2–5 min; a blue vapor of FePc was
generated inside the quartz furnace tube and disappeared in a
few minutes. Then, the temperature was increased again up
to 1000 °C and held for 15 min for nanotube growth. The
morphology of as-grown CNTs and the surface of the pat-
terned Si substrate were examined using field-mission scan-
ning electron microscopy SEM Hitachi S4500 instrument.
Elemental analysis was conducted using an x-ray energy-
dispersive spectrometer EDS equipped with an Oxford ISIS
EDXA system attached to a JEOL JSM6400 scanning elec-
tron microscope. Nanotubular structures were investigated
using transmission electron microscopy TEM 300 keV
Philips CM300 instrument.
The SEM image in Fig. 1a shows three letters, “ANU,”
written on a Si substrate with a diamond pen. After annealing
at 1000 °C, the three letters were covered by a layer of
CNTs. The SEM images in Figs. 1b–1d were taken on the
letter “N” area with higher magnifications. A very high den-
sity of CNTs on the letter areas and few CNTs on the sur-
rounding surfaces can be seen clearly. Some CNT samples
were removed from the substrate and deposited directly on a
TEM copper grid for TEM analysis. TEM revealed a muti-
walled cylindrical structure of the CNTs and a diameter
around 50 nm Fig. 2. The TEM image in Fig. 2b shows
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some Fe particles inside the nanotubes, suggesting these Fe
particles act as catalysts during nanotube growth.12
Vertical aligned CNTs can be grown on a large area of Si
substrate in different patterns, as shown in Figs. 3a and
3b, under controlled gas flow rates and the positions of the
substrate inside the furnace tube. The patterned templates
were also created with a diamond pen. By controlling the
width and depth of trenches and/or scratches, the density of
CNTs can be adjusted and the growth location can be care-
fully positioned, as shown in Fig. 3c. The SEM image in
Fig. 3d shows that CNTs can be grown on a single straight
line. Neither FePc nor C was deposited on unscratched sur-
faces because EDS analysis did not detect any C.
The above results clearly show a preferred nucleation of
CNTs at the scratched areas. The SEM image in Fig. 4a
shows typical rough surface of the scratches with broken
crystalline planes, edges, and steps. It has been reported that
phase transformation with the formation of metastable Si
phases could occur on the wafer surface under such severe
mechanical treatment.13,14 Compared with the perfect,
smooth surface of Si substrate, FePc or C vapor prefers the
special structure of the scratched areas for vapor deposition
and nanotube nucleation because of a higher surface energy
and the metastable structure. Indeed, Fig. 4b shows a row
of CNTs rooted inside a trench of a substrate surface. To
further confirm this mechanism, one substrate coated with
patterned CNTs was first heated in air to remove all CNTs
via oxidation. EDS analysis was then performed on the oxi-
dized substrate. Fe was detected at the scratched areas, but
not on the untouched surfaces, indicating the scratched areas
as the nucleation site of the CNTs. This result is in agreement
with previous research on enhanced nucleation of diamond
films on mechanically polished Si wafers during hot-filament
CVD process.15
The selective growth over the scratched surface on Si
substrate is a typical self-assembly process possibly driven
by a capillary force. The deposition from the FePc blue va-
por onto the templates at low-temperature range
200–500 °C seems to be a critical step. Under the con-
trolled gas flow, a thin layer of FePc was formed over the
template areas but not on unscratched smooth surfaces due to
a capillarity force. Because the temperature 500 °C is not
high enough for pyrolyzing, no CNTs were formed yet.
When the temperature reached 1000 °C, CNTs grew out
from the FePc layers deposited on the template. The two-step
heating process probably avoided direct contacts and reac-
tions between Fe particles and Si surface to form noncata-
lytic FeSi alloys. When the FePc layer was first deposited on
the Si surface at 500 °C, Fe had not been decomposed from
FePc because the temperature was not high enough; when
pyrolysis occurred, fresh Fe was involved directly in CNT
formation. X-ray diffraction was conducted on the scratched
area where CNTs were formed, and neither Fe–Si alloys nor
SiC compounds were detected. Some reactions between
metastable Si phases created by mechanical treatment and
free C and Fe atoms during the annealing might occur. Nev-
ertheless, the SEM, EDS, and XRD results demonstrated that
CNTs were formed on the scratched areas with the help of Fe
catalysts. The selective growth over the scratches suggests a
very simple technique for preparing a template on a smooth
substrate surface. The detailed nucleation mechanism needs
further investigation using TEM.
In summary, we have demonstrated that aligned and pat-
terned CNTs can be readily grown using a pyrolysis process
at a patterned template on pure Si substrates prepared by
simple scratching. This simple technique does not require a
predeposition of metal catalysts. The fractured Si atomic
FIG. 1. SEM images of patterned CNTs grown on a Si substrate: a Three
letters, “ANU,” written with a diamond pen covered by CNTs. b–d SEM
images taken from the letter “N” area with higher magnifications showing
selective and patterned growth of CNTs.
FIG. 2. TEM images showing a a multiwalled cylindrical structure and b
catalyst Fe particles encapsulated inside nanotube tips.
FIG. 3. SEM images of vertically aligned and patterned CNTs on Si sub-
strates: a top view, b side view, c precisely deposited CNTs, and d a
higher magnification image of c.
FIG. 4. SEM images of a rough surface of scratched area on a Si substrate
without CNT deposition, and b a row of CNT root inside a trench indicat-
ing the trenches as the nucleation sites.
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planes at the scratched areas sink FePc vapor due to capil-
larity effects and act as the preferred nucleation sites for
CNT growth. A two-step pyrolysis process avoids reactions
between catalyst Fe particles and Si surface with the forma-
tion of inactive FeSi catalysts.
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